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Abstract

Green rusts are mixed FeII/FeIII hydroxides that are found in many suboxic environments where they are believed to

play a central role in the biogeochemical cycling of iron. X-ray absorption fine structure analysis of hydroxysulfate

green rust suspensions spiked with aqueous solutions of AgCH3COO, AuCln(OH)4�n, CuCl2, or HgCl2 showed that

AgI, AuIII, CuII, and HgII were readily reduced to Ag0, Au0, Cu0, and Hg0. Imaging of the resulting solids from the AgI-,

AuIII-, and CuII-amended green rust suspensions by transmission electron microscopy indicated the formation of

submicron-sized particles of Ag0, Au0, and Cu0. The facile reduction of AgI, AuIII, CuII, and HgII to Ag0, Au0, Cu0, and

Hg0, respectively, by green rust suggests that the presence of green rusts in suboxic soils and sediments can have a

significant impact on the biogeochemistry of silver, gold, copper, and mercury, particularly with respect to their mo-

bility.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The environmental chemistry of transition metals is

highly dependent on their chemical speciation, which in
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turn profoundly impacts their physical, chemical, and

biological activities. The speciation of transition metals

in aquatic and terrestrial environments is a function of

many parameters, including concentration, temperature,

ionic strength, and the presence and concentrations of

other chemical components (pH in particular). In addi-

tion, many of the transition metals (e.g., V, Cr, Mn, Fe,

Co, Cu, Tc, Ag, and Hg) have multiple valence states

within the range of redox conditions encountered in

surface or near-surface environments. The chemical

properties of an element are often quite variable from

one oxidation state to another, thus changes in valence

state are typically accompanied by significant changes in

bioavailability, toxicity, and mobility.

Ferrous iron (FeII) is one of the most abundant

reductants typically present in aquatic and terrestrial

environments under suboxic and anoxic conditions
ed.
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(Hering and Stumm, 1990; Lyngkilde and Christensen,

1992; R€uugge et al., 1998). In these environments FeII

may be present as soluble organic and inorganic com-

plexes, as surface complexes, and as a host of FeII-

bearing mineral phases, including FeII-containing clays

(e.g., smectites, vermiculites, and micas), ilmenite, mag-

netite, siderite, vivianite, ferrous sulfide, pyrite, and

green rust. Although numerous studies have examined

the reduction of transition metals by FeII-bearing clays,

ferrous sulfide, pyrite, and magnetite (Bancroft and

Hyland, 1990; Ilton et al., 1992; Peterson et al., 1996;

White and Peterson, 1996; Scaini et al., 1997; Taylor

et al., 2000; and many others), the reduction of transi-

tion metals by green rust has only recently been exam-

ined (Loyaux-Lawniczak et al., 1999, 2000; Williams

and Scherer, 2001).

Green rusts are mixed FeII/FeIII hydroxides that have

layered structures consisting of alternating positively

charged hydroxide layers and hydrated anion layers.

Green rusts typically form under near-neutral to alkaline

conditions in suboxic environments and are often meta-

stable intermediates in the transformation of FeII to

magnetite and FeIII oxyhydroxides (e.g., lepidocrocite

and goethite). Green rusts are believed to play a central

role in the redox cycling of Fe in aquatic and terrestrial

environments. Although the characteristic bluish-green

color of hydromorphic soils has long been presumed to

be due to the presence of mixed FeII/FeIII hydroxide

species (Ponnamperuma et al., 1967), the unambiguous

identification of green rusts in suboxic soils and sedi-

ments has been complicated by the rapid oxidation of

these compounds upon exposure to air. However, in spite

of this difficulty, direct evidence for the presence of green

rusts in hydromorphic soils has recently been reported

(Trolard et al., 1997; Abdelmoula et al., 1998). More-

over, Bourri�ee et al. (1999) has suggested that the solu-

bility of Fe in the soil solutions of hydromorphic soils is

controlled by equilibrium with green rusts. Green rusts

are observed as products of the metabolic activity of

bacteria known to be key players in the biogeochemical

redox cycling of Fe in aquatic and terrestrial environ-

ments. Various strains of the dissimilatory iron-reducing

bacterium Shewanella putrefaciens produce green rusts as

products of the bioreduction of hydrous ferric oxide and

lepidocrocite (Fredrickson et al., 1998; Kukkadapu et al.,

2001; Parmar et al., 2001; Glasauer et al., 2002; Ona-

Nguema et al., 2002), and green rusts are also observed

as products of the anaerobic biooxidation of FeII by

Dechlorosoma suillum (Chaudhuri et al., 2001).

Recent research has shown that green rusts are ca-

pable of reducing a number of organic and inorganic

contaminants, suggesting that green rusts may be highly

reactive reductants in suboxic environments. Several

studies have shown that green rusts reduce nitrate and

nitrite to ammonia (Hansen et al., 1994, 2001). Green

rusts have also been shown to reduce selenate (SeVI) to
Se0 and Se�II (Myneni et al., 1997; Refait et al., 2000),

chromate (CrVI) to CrIII (Loyauz-Lawniczak et al.,

2000; Williams and Scherer, 2001), and UVI to UIV

(O�Loughlin et al., 2003). The reductive dehalogenation

of several halogenated hydrocarbons, including carbon

tetrachloride, hexachloroethane, and 1,2-dibromoethane

(EDB) has also been reported (Erbs et al., 1999;

O�Loughlin and Burris, in press). Moreover, the addi-

tion of AgI, AuIII, or CuII to aqueous green rust sus-

pensions was recently shown to catalyze the reductive

dehalogenation of carbon tetrachloride (O�Loughlin
et al., 2003).

In this study we use X-ray absorption spectroscopy

and transmission electron microscopy to examine the

reduction of AgI, AuIII, CuII, and HgII by hydroxysul-

fate green rust.
2. Experimental section

2.1. Chemicals

Iron(II) sulfate heptahydrate (99+%), copper(II)

chloride (99.999%), silver(I) acetate (99.999%), and

mercury(II) chloride (99.999%) were obtained from

Aldrich (Milwaukee, WI). Gold(III) chloride was pur-

chased from Sigma (St. Louis, MO). Concentrated nitric

acid (trace metal grade) was obtained from Fisher

(Pittsburgh, PA).

Hydroxysulfate green rust (GRSO4
), a green rust in

which the interlayer anion is SO2�
4 , was synthesized by

air oxidation of a 1.0 M ferrous sulfate solution. Briefly,

278 g of FeSO4 � 7H2O were dissolved in 1 l of high-

purity (18 MX-cm) water on a magnetic stirrer under

ambient atmosphere. Upon dissolution, 1.0 M NaOH

was added dropwise until the pH remained stable at 7.0,

at which point the GRSO4
suspension was placed in an

anoxic glove box (4–6% H2 in N2). The green rust was

recovered by centrifugation and subsequently washed

four times with high-purity water. Analysis of the puri-

fied material by X-ray diffraction (XRD) indicated that

GRSO4
was the only observed product.

2.2. Experimental setup

The reaction system consisted of 250-ml polypropyl-

ene centrifuge bottles with O-ring sealed caps. Unless

otherwise indicated, sample preparation and handling

were conducted in a glove box with an atmosphere of 4–

6% H2 in N2. Reactions were initiated by adding 25 ml of

500 lM–2.0 mM AgI, AuIII, CuII or HgII to 0.5 g of

GRSO4
in 100 ml of high-purity water with constant

mixing. After 30 min, a 10-ll subsample of the suspen-

sions to which AgI, AuIII, or CuII was added was re-

moved and deposited on gold (for samples containing Ag

or Cu) or copper (for samples containing Au) transmis-
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sion electron microscopy (TEM) grids with holey carbon

films; because of the volatility of Hg0, HgII-amended

green rust samples were not prepared for TEM. The

samples were air-dried under anoxic conditions for at

least 12 h prior to TEM imaging. The remainder of each

of the AgI-, AuIII-, CuII-, or HgII-amended green rust

suspensions (hereafter designated as AgGR, AuGR,

CuGR, and HgGR, respectively) was centrifuged. The

supernatants were saved for Ag, Au, Cu, and Hg analysis

by inductively coupled plasma-optical emission spec-

troscopy (ICP-OES). The pellets were resuspended in

deoxygenated, high-purity water and centrifuged again;

the green rust pellets were washed two more times in this

manner. After the final washing, subsamples of the wet

pastes were removed for analysis by X-ray absorption

fine structure (XAFS) spectroscopy and XRD.

2.3. ICP-OES analysis

A PerkinElmer Optima 4300DV ICP-OES was used

to measure the concentration of Ag, Au, Cu, and Hg in

the supernatants of the centrifuged AgGR, AuGR,

CuGR, and HgGR suspensions by using the ICP con-

ditions listed in Table 1. Samples for ICP-OES analysis

were spiked with concentrated nitric acid to achieve a

concentration of 5% nitric acid by volume.

2.4. TEM imaging

The samples for TEM imaging were stored under

anoxic conditions, except for a brief (1–2 s) exposure to

air during transfer of the sample holder to the vacuum
Table 1

ICP-OES operating conditions used for the determination of

solution-phase Ag, Au, Cu, and Hg concentrations

Parameter Setting

View mode Radial

View height 15 mm

Plasma Argon

RF generator power 1400 W

Shear gas Air

Gas flow: plasma 17 mlmin�1

Gas flow: auxiliary 0.2 mlmin�1

Gas flow: nebulizer 0.6 mlmin�1

Sample aspiration rate 1.5 mlmin�1

Detector CCD

Emission line: Ag 328.068 nm

Emission line: Au 267.601 nm

Emission line: Cu 327.393 nm

Emission line: Hg 253.652 nm

Rinse delay 30 s

Read delay 60 s

Source equilibration time 30 s

Read Peak area

Number of replicates 3
chamber on the microscope. Specimens were imaged by

using the bright-field imaging mode of an FEI Tecnai

F20 scanning transmission electron microscope (STEM)

operating in TEM mode at 200 kV and in a JOEL

4000EXII high resolution transmission electron micro-

scope (HRTEM) at 400 kV in the Electron Microscopy

Collaborative Research Center at Argonne National

Laboratory. Energy-dispersive X-ray (EDX) spectra

were collected with an EDAX detector using an electron

beam diameter of approximately 1 nm.

2.5. XRD analysis

The XRD analysis of GRSO4
, AgGR, AuGR, CuGR,

and HgGR was performed using a Rigaku MiniFlex

X-ray diffractometer with Ni-filtered Cu Ka radiation.

Samples for XRD analysis were prepared by mixing the

wet pastes with glycerol to minimize oxidation (Hansen

and Koch, 1998) and prepared as smears on 22-mm-

wide glass plates. The samples were scanned between 6�
and 80� 2h at a speed of 1� 2h min�1. The XRD data

were processed with Jade 6.0 (Materials Data, Inc.,

Livermore, CA).

2.6. XAFS analysis

Fluorescence XAFS measurements were made on

wet, homogeneous AgGR, AuGR, and CuGR pastes as

well as on aqueous solutions of 10 mM AuIIICln(OH)4�n

and 10 mM CuCl2. Transmission XAFS measurements

were made on wet, homogeneous HgGR pastes; on

standard Ag0, Au0, and Cu0 foils; and on Ag2O(s) and

HgO(s) standards (both prepared as fine powder films

on Kapton tape). The wet pastes and aqueous samples

were mounted in holes machined in Plexiglas slides, and

the holes were covered with Kapton film held in place

with Kapton tape. Aqueous solutions of reduced res-

orufin (a redox indicator dye; solutions of reduced res-

orufin will turn from colorless to pink upon exposure to

molecular oxygen) mounted in this manner and exposed

to air remained colorless for more than 8 h, indicating

that such sample mounts are effective for excluding oxy-

gen from samples during analysis. XAFS data for liquid

Hg0 at 299 K were generously provided by Dr. Adriano

Filipponi (Ottaviano et al., 1994).

The XAFS data were collected at the Materials Re-

search Collaborative Access Team (MR-CAT) sector 10-

ID beamline (Segre et al., 2000) at the advanced photon

source (APS) at Argonne National Laboratory. Data

were collected for both X-ray absorption near edge

structure (XANES), an in situ probe that provides in-

formation about the oxidation state and coordination

geometry of the absorbing atom (Durham, 1988), and

extended X-ray absorption fine structure (EXAFS),

which provides information on the type and number of

the atoms surrounding the absorbing atom, as well as



440 E.J. O’Loughlin et al. / Chemosphere 53 (2003) 437–446
the radial distances to those atoms (Stern, 1988). Data

for XANES and EXAFS spectra were collected at the

Ag and Cu K-edges and the Au and Hg LIII-edges.

The energy of the incident X-rays was selected by a Si

(1 1 1) double-crystal monochromator. X-rays with

higher harmonic energies were rejected by using a Rh

(for Au, Cu, and Hg measurements) or Pd (for Ag

measurements) mirror. The undulator was scanned or

tapered to reduce the variation of the incident X-ray

intensity to less than 30% over the EXAFS region

(�1000 eV). The incident and transmitted X-ray inten-

sities were monitored with ion chambers. Filtered fluo-

rescent X-ray intensity was monitored with an ion

chamber detector in the Stern–Heald geometry (Stern

and Heald, 1979). Monochromator energy was moni-

tored by using reference materials as described by Cross

and Frenkel (Cross and Frenkel, 1998). The codes

contained in the IFEFFIT package (Newville, 2001)

were used to analyze the data. For each sample, several

data sets were collected, step-height-normalized, and

then averaged to produce the final spectra. The vðkÞ � k2
data were produced by removing the step-like back-

ground function from the normalized spectra according

to standard procedures (Newville et al., 1993). Parame-

ters specific to each sample are in Table 2.
3. Results

Added as aqueous solutions of CH3CO2Ag, HAuCl4,

CuCl2, and HgCl2, respectively, AgI, AuIII, CuII, and
Table 2

Parameters for XAFS data collection for individual samples

Sample Edge Mode Gas in I0
a G

Ag0 (foil) Ag-K Transd N2 A

AgI (finely powdered Ag2O) Ag-K Trans N2 A

AgGR (AgI added to GR

suspension)

Ag-K Fluoe N2

Au0 (foil) Au-LIII Trans He:N2 (1:1) A

AuIII (10 mM AuClnOH4�n) Au-LIII Fluo He:N2 (1:1)

AuGR (AuIII added to GR

suspension)

Au-LIII Fluo He:N2 (1:1)

Cu0 (foil) Cu-K Trans N2 N

CuI (10 mM CuCl2) Cu-K Fluo N2

CuGR (CuII added to GR

suspension)

Cu-K Fluo N2

HgII (finely powdered HgO) Hg-LIII Trans N2 N

HgGR (HgII added to GR

suspension)

Hg-LIII Trans N2:H2 (2:1) N

a Incident X-ray intensity detector (ion chamber).
b Transmitted X-ray intensity detector (ion chamber).
c Fluorescence X-ray intensity detector (ion chamber in Stern–Hea
dTransmission.
e Fluorescence.
f Filter thickness (number of absorption lengths).
HgII were rapidly removed from solution in green rust

suspensions. Within 30 min after the addition of 50 lmol

of AgI, AuIII, CuII, or HgII, solution-phase concentra-

tions of Ag, Au, Cu, and Hg were reduced from 400 lM
to 890 nM, 360 nM, 1.2 lM, and 1.7 lM, respectively;

reductions in solution-phase concentrations of compa-

rable magnitude were also observed in systems with

lower initial loadings of AgI, AuIII, CuII, or HgII. These

results indicate that nearly all of the silver, copper, gold,

and mercury added to these systems rapidly became

associated with the solid phase(s).

As previously discussed, XANES spectroscopy pro-

vides information on the oxidation state of an atom, as

indicated by the energy of the adsorption edge; typically,

the edge energy increases with increasing oxidation state.

A comparison of the XANES spectra of AgGR, AuGR,

CuGR, and HgGR with the relevant standards (Ag0 foil

and Ag2O for AgGR; Au0 foil and 10 mM HAuCl4 for

AuGR; Cu0 foil and 10 mM CuCl2 for CuGR; and

Hg0(l) and HgO for HgGR) clearly shows that AgI,

AuIII, CuII, and HgII were reduced to Ag0, Au0, Cu0, and

Hg0 (Fig. 1). XRD analysis of the AgGR, AuGR,

CuGR, and HgGR pastes indicated that the reduction

of AgI, AuIII, CuII, and HgII to Ag0, Au0, Cu0, and Hg0

is accompanied by the partial oxidation of green rust to

magnetite (Fig. 2).

Information on the local environment of Ag, Au, Cu,

and Hg atoms in the AgGR, AuGR, CuGR, and HgGR

samples is provided by the EXAFS data. The Ag K-

edge, Au LIII-edge, Cu K-edge, and Hg LIII-edge back-

ground-subtracted, k2-weighted vðkÞ data from AgGR,
as in It
b Gas in If

c Filter in If Monochromator

reference

r Ag0 foil

r Ag0 foil

Kr Ag0 foil

r:N2 (1:1) Au0 foil

Ar Ge (3)f Au0 foil

Ar Ge (3)f Au0 foil

2 Cu0 foil

Ar Cr (3)f & Ni (6)f Cu0 foil

Ar Cr (3)f & Ni (6)f Cu0 foil

2 Se (3)f

2:H2 (2:1) HgO

ld geometry).
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Fig. 1. Comparison of step-height-normalized Ag K-edge

XANES spectra for Ag0 (foil), AgI (Ag2O), and silver (added as

AgI) in a green rust suspension (top); step-height-normalized

Au LIII-edge XANES spectra for Au0 (foil), AuIII (10 mM

AuCln(OH)4�n), and gold (added as AuIII) in a green rust sus-

pension (second from top); step-height-normalized Cu K-edge

XANES spectra for Cu0 (foil), CuII (10 mM CuCl2), and copper

(added as CuII) in a green rust suspension (second from bot-

tom); and step-height-normalized Hg LIII-edge XANES spectra

for Hg0 (liquid droplets (Ottaviano et al., 1994)), HgII (HgO),

and mercury (added as HgII) in a green rust suspension (bot-

tom).
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Fig. 2. Comparison of XRD patterns of GRSO4
and magnetite

with the patterns of AgGR, AuGR, CuGR, and HgGR. Scans

were made between 6� and 80� at a rate of 1� min�1.
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AuGR, CuGR, and HgGR samples and Ag0, Au0, Cu0,

and Hg0 standards are shown in Fig. 3. The close

agreement between the XAFS spectra of the metal

standards and the AgGR, AuGR, CuGR, and HgGR

samples indicates that the average local environment

about Ag, Au, Cu, and Hg atoms in the green rust

samples is similar to that in the bulk Ag0, Au0, Cu0, and

Hg0 phases. Moreover, the majority of the Ag0, Au0,

Cu0, and Hg0 phases formed by the reduction of AgI,

AuIII, CuII, and HgII by green rust in these samples have

crystalline order greater than 5–10 nm.

The formation of nanometer-sized particles of Ag0,

Au0, and Cu0 was observed in TEM images of AgGR,

AuGR, and CuGR samples (Figs. 4–6, respectively).

The identity of individual particles was confirmed by

EDX analysis. Although they were not within the field

of view in all of the TEM images shown, particles of

magnetite (identified by either morphology or electron

diffraction) were observed in all of the samples exam-

ined, which is consistent with the results of the XRD

analysis of bulk AgGR, AuGR, and CuGR samples

(Fig. 2). Typically, the Ag0 particles were multiply

twinned and irregular in shape and ranged in size from

�40 to 100 nm along the longest dimension. The Au0

particles were also irregularly shaped but 15–30 nm in

length. The multiply twinned Cu0 particles were typi-

cally spherical and on the order of 10 nm in diameter.

Because of the volatility of Hg0, no attempt was made to

image HgGR samples.
4. Discussion

Few studies have considered the reduction of AgI and

AuIII by structural FeII; however, the reduction of AgI

and AuIII species by metal sulfide minerals has been

studied extensively (Jean and Bancroft, 1985; Hiskey
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Fig. 4. TEM results for AgGR. Bright-field image showing Ag0

particles (top). EDX spectrum of an Ag particle (bottom); C

and Au signals are from the TEM grid, and Fe and O signals

are from GR.
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et al., 1987; Buckley et al., 1989; Bancroft and Hyland,

1990; Mycroft et al., 1995; Scaini et al., 1995, 1997;

Maddox et al., 1998). The formation of nano-scale

particles of Au0 is commonly observed after the reduc-

tion of AuIII by pyrite, galena, and arsenopyrite (My-

croft et al., 1995; Scaini et al., 1997; Maddox et al.,
1998). Similarly, the reduction of AgI by pyrite, galena,

and sphalerite typically results in the formation of nano-

to micron-scale particles of Ag0 (Hiskey et al., 1987;

Buckley et al., 1989; Scaini et al., 1995, 1997). The re-

duction of AuIII and AgI by metal sulfide minerals is an

important process controlling the concentrations of gold

and silver in anoxic aqueous environments and under

certain conditions may be responsible for the develop-

ment of native gold and silver deposits (Bancroft and

Hyland, 1990, and references therein). Despite a paucity

of studies examining the interaction of AgI and AuIII

species with FeII-bearing minerals (with the exception of

FeII sulfide minerals), the facile reduction of AgI and

AuIII by green rust observed in our experiments suggests

that the reduction of AgI and AuIII to Ag0 and Au0 can

also occur in suboxic environments under iron-reducing

conditions.

Although the reduction of AgI and AuIII by pyrite

yields elemental silver and gold, CuII is reduced by pyrite

only to CuI (Voigt et al., 1994; Weisener and Gerson,

2000). However, structural FeII in phyllosilicates (e.g.,

biotite and smectite) has been shown to reduce CuII to

elemental copper (Ilton et al., 1992; Markl and Bucher,

1997). Indeed, the reduction of dissolved CuII to Cu0 by



Fig. 5. TEM results for AuGR. Bright-field image showing Au0

particles (top). EDX spectrum of an Au particle (bottom); Cu

and C signals are from the TEM grid, and Fe and O signals are

from GR.

Fig. 6. TEM results for CuGR. Bright-field image showing a

Cu0 particle (top) with a high resolution image of the Cu0

particle oriented near (1 1 0) revealing lattice fringe and multiple

twinning of the particle (inset). EDX spectrum of a Cu particle

(bottom); Au signals are from the TEM grid, and Fe and O

signals are from GR.
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structural FeII accompanying the weathering of biotite is

believed to be a significant process in the formation of

certain porphyry copper deposits (Ilton and Veblen,

1993). The ability of green rust to reduce CuII and the

presence of green rusts in hydromorphic soils and sedi-

ments suggests that elemental copper may form from the

reduction of CuII under iron-reducing conditions.

The reduction of HgII to elemental mercury in

aquatic and terrestrial environments results from both

abiotic and microbially mediated reactions and is a key

component of the biogeochemical cycling of mercury

(Stein et al., 1996; Schl€uuter, 2000). As discussed previ-

ously, metal sulfide minerals can reduce AgI to Ag0,

AuIII to Au0, and CuII to CuI, however, although the

reduction of HgII to Hg0 by pyrite is thermodynamically

favorable, studies of the interaction of HgII species with

metal sulfide minerals indicate that reduction to Hg0

does not occur (Hyland et al., 1990; Behra et al., 2001).

The reduction of HgII to Hg0 in soils and sediments is

generally attributed to direct microbial processes, how-

ever, several studies have shown that humic and fulvic

acids can abiotically reduce HgII (Alberts et al., 1974;
Skogerboe and Wilson, 1981; Allard and Arsenie, 1991;

Rocha et al., 2000). Few studies have examined the re-

duction of HgII by environmentally significant FeII

species (Jonasson, 1970), even though the reduction of

HgII to Hg0 by many FeII species is energetically fa-

vorable. We believe that we are the first to show the

reduction of HgII to Hg0 by an environmentally relevant

FeII-containing mineral. Furthermore, although addi-

tional studies are needed to determine the overall sig-

nificance of abiotic HgII reduction by green rusts (and

possibly other FeII-bearing minerals, as well as sorbed

FeII) in the biogeochemical cycling of mercury, the re-

duction of HgII to Hg0 by green rust indicates the po-

tential for abiotic HgII reduction in FeII-rich suboxic

soils and sediments.

The mobility of a chemical species in aquatic and

terrestrial environments is dependent on the solution-

phase chemistry and the mineralogical composition of a

given soil/sediment matrix. Soluble AgI, AuIII, and CuII
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species are often relatively mobile, thus reduction to

comparatively insoluble Ag0, Au0, and Cu0 phases can

be expected to reduce the mobility of silver, gold, and

copper. However, unlike Ag0, Au0, and Cu0, Hg0 is

relatively soluble in aqueous solutions. Moreover, Hg0

has a significant vapor pressure and can be lost from

aquatic and terrestrial systems through volatilization.

Thus, the reduction of HgII to Hg0 by green rust may

actually increase the overall mobility of mercury; indeed,

the release of Hg0 vapor to the atmosphere is a signifi-

cant component of the global cycling of mercury (Stein

et al., 1996; Schl€uuter, 2000).
Clearly, additional research is required to determine

the significance of the role of FeII species such as green

rust in the biogeochemical cycling of silver, gold, copper,

and mercury. However, the facile reduction of AgI,

AuIII, CuII, and HgII by green rusts suggests that the

mobility of silver, gold, copper, and mercury can be

controlled by Ag0, Au0, Cu0, and Hg0 phases under

conditions conducive for the formation of green rusts,

namely transitional zones between oxic and anoxic

conditions in iron-rich soils and sediments.
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